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cRmHILaw mA!rE’-TYPEmTERc-

By Bs@mln Plnkel,J. GeorgeReuter,ad
MlohaelF. Valerlno

A matheunatloalanalysisof plate-typeIntermoler designhas
beenmade for both turbulentand lsminarflow. Chartsare presented
that showhow the plate-typeInterooolervolume,wlght, platearea,
frontalarea,and llnearUnensians oanbe variedwithoutokmglng
the intercooleroperatingocmdlttons. The relationsbetweenthe
Interoooleroperatingconditlms and the .Intercoderd3menslonal
ohamoterlsticsmd weightare also given.

The ohartsshowthat a largeredubtkm In Intercoolervolme
oan be aohievedwithno ohangein Intercoaleropmmtlng conditions
by reduotionof the spao@s betweenthe platesand reduotlonof
the dlmeneioneIn the dlreotlonsof the ckge-alr and coollqyair
flows, The Mmension at rightanglesto the flow dlreotlons,how-
ever,Is increased.

A plate-typeIrkercoolerunithavingplatesspaced0.025Inoh
was testedto oheckthe validityof the heat-transferand pressure-
droptheoriesfor air flowbetweenvery closelyspaoedplates. The
theoretioaland experhentalresultswere In closeagreement. Z’or
the mm operatingcondltlonethis inte~coolerhas approximately
one-thirdthe volumeof the smallestcommercialintercoolerfor
whichdata oouldbe found.

moDTJcTIm

The mu-rentInoreasesin enginepowsrand oritioalaltitdle
are aoceed by greaterdsmandsfor oharge-aircool-. These
dmands oanbe met eitherby increasingthe intercoolervolme or
by Improvingthe coollngaccomplishedper unit I.ntemoolervolume.
haemuoh as the volme and shapeof an Interoooleris limltedby
the availablespace,the designer,in orderto meet a specified
set of operatingcondltloned tnstallatlonrequirements,~
find It necessaryto considerrevisionsof the Internalstruoture
of the Interomler.
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A largenmher of plate-typeIntercoolerscanbe designed
for a givenperformance,sucha~ givenwi:gh%flows,preamzre
drops,densltles,and Wet and outlettemperaturesof the dhqe
SZIdcoolingair. These fitercoolerewill dlffor in size,shaw,
d ~mi~t, and it is the purposeof thispaperto ~e~~~
tlonsbetweenthesefactorsand the platespacings.
tiom indicatehow intercoclerstze~- be e:the-uced or ad- ‘
Justedto tk9 availablespece.

A plate-typefite~coolerhavingspacesof “O.025 fichbetween
adjacentplatesand ka7iw a len@h of 2.30 inchesla the dlrecticm
of cooling-airflm and 4.30 tickesIn the.directionof Che.z”ge-air
flowwas tested,and the resultsm presentedhereim ~ order
to reducethe platede~ectimm in actualIntercooleruperaticn
due to the pressuredifferencebetwem the chmge alr and the cool-
ing efi acrosseachplate,.the pia’-swere curvedIn the Mrection
of coollng-airflowwith a radiusof 3.5 inches. This Interocoler
test unitricesnot representan optimumdesign; it was builtand
testedmerelyto checkthe theoreticalheat-immsferand pressure-
drojjequatio.nepresentedIn this report.

This mrk W.S donebz the RICA at the Mu@ey Mrmrlal Aem
nauticalLaboratoryat Laa+gleyHeld, Va., In 1941.
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Wt3ightrate of alr flow,pmnds per second

lengthof flowpasmge measuredIn directionof flow,
feet (or incheswheredesignated)

plate spaclag(perpendiculardistancebetweenadJa-
centfscesof adJacentplates),feet (or inches
wheredes@Wmd)

equivalentdimster of flowpassages(fourtirescross
sectiondividedby wettedperinetor),feet

ratio of equivalentdlaueterof passa=msfomed by
paxallelflatplatesof ti”lr.itewidthto equiva-
lent diameterof Flowpaesages(2s/d)

platethickness,feet (or inches wheredesignated)
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density of plateI’Jmterlal,pouudsper

Intercodler wltlthmeasured in no-flow
feet (m Incheswheredmlgnated)

Cubio feat

dlreotion,

cum-halftotal numberof Intercoolerplates

intercoolervolume oubiofeet (or ouibioinohes
Wheredeeigmted~

corefacearea at tightanglesto coollng-atiflow
(flxmtalarea),squarefeet (or s@are *s
wheredeslguated)

ratioof total cross-seatlonal-flowarea to area of
oore face

titercoolerweight,pounds

numberof separatorsbetween

separatorfIn effeotivenese

ad~acemt plates

length of flowp9ssqp ia ccmtactwith separatorsof
adJacentpassage(measuredIn dirmtion of flow),
feet

coollng.aireffectiveheat-transferarea, equarefeet

{[
11~2L 2= - 28=+ (% - l)szEf , ,-

- -J]
ohazzge-aireffectiveheat-transferarea, squarefeet

( r‘ 2H2a 11~- 2
1

+(%- U%Ef 1 “i% I. -(.
surfaceheat-trsnsfer ooefficient, Btu per seomd
per squarefootper %’

over-ti effectii.veheat-transferarea,squarefeet

ovm-aU heat-tmnsfercoefficientbased on over-all
effeotlveheat-tmnsferarea,Btu per seoondper
squarefootper %
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APf

APe

APV

Ap=

AP

P

P

P.

a

‘P

k

P

P

total platearea, squarefeet (m squareinoheswhere
designated) (2NZZ2=)

velocityof alr flow,feetper aeoond
.

Reynoldsmmber of alr flow basedon equivalent
diameter

skin-frlotlonpressuredrup of alr In intercooler,
inohesof water

pressuredrop oorrespond~ to entranoe-eritlosses
Includlngvena-ccmtractaloss,Inchesof water

pressuredrop of alr We to changeti velocitydis-
tributionin intercoolerchannels,inchesof water

pressurechangeof air due to theIUCmentlm Ohar!!
oausedby heat exohangeh Intercooler,Inchesof
uater

totalpressuredrop of alr acrosstitercooler,
inchesof water

powerrequiredto foroeair through Intercoaler,
horsepower

air density,poundsper cubicfoot

standardatmosphericdensity(O.0765lb/cu ft)

densityof alr relativeto standardatmosphere(p/po)

specificheat of air at constantpressure(O.24 Btu
per poundper %)

thermalcomluctivltyof air, 13tuper secozd per
square footper %’ gradientpsr foot

absolutevlscosity of air,poundsper seccd per foot

ratioof ohemgein tampsratureof air in passing
throughIntercoolerto absolutetemperatureof alr
at Intercoolerentrance
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n ooolingeffeotf.venem,ZWtloof temperaturedrop of
ohargeair to temperaturedifferencebetweenoharge.. . .. ., “a-h-aad oooling-airat entmmoe

Slllxmripts: .

1 Coollngair

a chargeair

av averageaonditltmin I.ntercooler

o referencetitercooler

Symlmlstith submrlPt O

to a

u=
av

(exoeptIn PO)

are pr-a to -oate Ieudnarflm

the term “operatingconditions”refel’s
set of values

Apf .
a

The followlzlgpexemetersare ueed b thla pape~

KI = A=@

K= u As/S

la - la
aJ1. ————z=

21 - Za
J=. +

L1 = ‘#1

La = ‘afi a

Ml al Jm’x
e.. —

Ma ~aavAPf “a
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ANAlnm3

Heat~fer and Pressure-DropEquations

It Is convenientto qss the coollngprovldsclby an lnter-
ooolerin ternsof a factor q, called the coollngeffeotlveness.
The ooollngeffeotlvenessIs definedas the ratio of the drop in
oharge-aL-temperatureto the differencebetweenthe oharge-ati
and coolhg-alrtemperaturesat the titercoolerentranoes.

In referenoe1 It is shownthat the coollngeffeotlvenessmay
be writtenas a functionof Ml/M=, and ~Ma~, that is,

(1)

Curvesshovingthis relationshipfor cross-flowheat exohemgere
were obtainedfrcmNusselt~sanalysle(reference2) and are shown
in figure1.

6
The totalpressuredrop acrossan titercoolermay be considered

as the sum of the pressurechangesarls~ from the fcdhwing
Souroes:

1. Surfaoe-friotlonloss

2. l?ntmmce-exitloss

3. Velooity-profile loss

4. Mcunentumohangeaccmpmylng heat exchange

The surface-frictionpressure-droprelati.onshipsfor both
turbulentemd leminarflowme givenIn referenoe3. These
relationshipsmy be expressedb the notationof thispaper
as follows:

For turbulentflow,

(2)
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I?orlardnarflow,

(3)

The entranoe-exitloss M-s (1)the conversionof statio
pressureIntodymmic pressureat the entranoeacmrd~ to
Bernoulll’sequation,(2)the vena-contmmtaloss 000- ti-
medlatelyafterthe alr entersthe titermolerpassages,- (3)
the recoverJIn staticpressureat the exit due to molmntuulchange●
The veloolty-profileloss Is causedby the changeIn velooltydis-
tributionof the alr as It flowsthroughthe Intercoaler~sages.
The heatingloss or @n Is oausedby the mcmentumchangeof the
air flowingthrou@ the intercoolerpassagesas a resultof the
densitychangesacompanylpgthe transfer of heat. This heating
loss or gati shouldnot be omfused with the effectof heatingon
the surface-frictionloss,as this effeotIs acoountedfor by as-
signingthe propervalueof Uav b the surface-frictionequations.

For m Irrterooolerwithbluntentrance- exit sections,the
entrance-exitloss,velocit~-profile loss,and heatingloss or
gainmay be expressedin ternsof the surface-frlctlcmloss:

Entmnce-exitloss.-

For turbulentflow,

Ape

( ).5.1 fa-2.4f+l.5q
Ff

s

For lamlnarflow,

(4)

(5)

Velooity-profile loss.-

For turbulentflow,
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For lamlnar flow

Heating10ES or gain.-

For turbulentflow,

For lamlnarflow,

Ro.a= 0.46—
r?
E

iR
‘Y75i

T%

(6)

(7)

(8)

(9)

Eq-tions (8)and (9)applywhen the pressuredrop throu@
the Intercooleris mall cmpred with the absolutepressure. At
extremealtitudesthis cotiitlonmay not hold and a correction
shouldbe appliedfor the effectof change in pressureon the
velocityof the coollngair as It passesthroughthe titercooler.

Of theselosses,onlythe surfaoe-frlotlonloss is neoessary
for the transferof heat,this transferbeing acoompllshedmost
efficiently(thatis, tithminimumsurfaoe-frlotionloss) for
flow througha smoothchannel. B~ mans of properlyshapedtiter-
coolerentranceand exit sections,the entrance-exitloss canbe
avoidedand the veloolty-profileand heatinglossesreduced.

In the designcharts- equations,only the mrface-frlotion
~SSUl% ~ iS ccmsidered.Thl.spressuredrop Is verynee,r~
equalto the totalpressuredrop for titermolerswith streamlined
entranceand exit sections;for Intercoolerswithbluntentrmce

.
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and eKlt sections,the Sln?fhce-frlctlonpressuredrop is In mat
casesthe largestpart of ‘W totalpressuredrop. For an lnter-
-ooolerwith bluntIentmnce and.exit sections.the entrance.exit
10ss,veloolty-profile 10s8,~ heating
deteqd frcm equaticms(4)to (9),or
be addedto the surfaoe-frictionlossto
drop aorossthe Intercooler.

The heat-trmsferrel.atl,onehlp~for
In refemnoe 3 and for lamlhar flow,in
tionshipsmay be expressed.as follows:

For turbulentflow,

he—=
k

.For lmdnar flow,

10S6 or ~k can“be
from table1, and can
gl.vethe totalpressure

turlmlentfloware given
reference4. Theserela-

4
(lo)

he— = 3m2r (U)
k

Frum eqwtion (1)and the pressure-dropand heat-tramfer
equations,rel.atloneare derimd in a~ndix A betweenthe dlmm-
sloneand weightof a plate-typeintercoolerand the operatfng
Conditions. For any givenset of operatingconditions,a different
Intercooleris obtainedfor eachplate spacing. These Intercoolers
differh size,shape,and weight. For a given set of operating
conditions,the tiler the plate spacingthe smallerare the
Intercoolervolumeand the di!uensioneh the fluw dlrectloneszd
the largerla the dhmmslon in the no-flowdirection.

The folhwlng plan is used in the presentationof the rela-
tionsderivedIn appendixA.

1. Equationsand chartsare given for the detemlnatlonof
the dimensionsof a referenceIntercoalerWch Is definedin
thispaperas one in whichthe”platespaoingsare equalto a
referencespacing. The valws of the reference~te epacfngs
chosenIn thlapaperare 0.25 = for turbulentflowend 0.10
inchfor laldnarflow. For convenience,the referonoetitercooler
Is furthercharacterizedby the ccdltions that the pl.atothlok-
ness Is zeroand that the effectof the separatorstripsis ne~
lected.
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2. Equationsti Okl+S s2?9
the titerooolerx be alteredin

then presentedthat showhow
size,shape,and weightas the

plate spad.ngs are reduoedd the platethloimessis lnoreased
tith respeotto the valuesof plate spaoingsand platethiolmass
ohosenfor the referenoeintercooler.

3. Correctionsfor the effeotof plate separatorstrips
are givenIn tableII.

Dlmenshuil Charaoteristics sad Wet@t of Referenoe

Interoocikras Fianotionaof OFeratlon

The followingequationsare
a~erdix A for the condltionsof
namely, al = S2 = 0.25 inch,

and J = K =OL = 1: The phyeloal

obtainedfrcm
tinereference

%.’ = %.’ =

properties k

conditions

the equationsin
titercooler;
0.10 inch, t = 0,

and M of air
are evaluatedat 100°F. Thoseequationstogetherwith figure 1
give the dimensionalcheraoterlsticsand &-weight of the-refer-
enoe intercooler for any givenset of operatingoondithns. Only
tho casesIn whlohthe flowsin eachpassagoam eitherbuth
turbulentor both laminarare Gonsidemd.

For turbulentflow,

(12)

(I-3)

(14)

(15)
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so
W. = _( )1

~~
.... .. .. ...... . 00*0 ,,-“~~

00

%?o+
0

For laminarflow,

W. 1

0
UAr

E 31,800SI ‘ —
~tM= o +4%

so 1

()1We’=— —
21 ‘ 2a’ 81.’
0 0-—

s~ ‘%’
0 0

Id.

(16)

(17)

(18)

(19)

(20)

(21)

%.’

I
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VarlatIm of MterooolerDlnumsiormlChammterfetios

and Weightfor Constant0pmn3tlngConditions

The varlathn in the Wnensionsl *oterlst3.cs d the
wsi@t of a plate-typeIntercooleras the pkte spaolngsand the
platethiclmessvary fromthe referenoevaluesIs givenfor any
givenset of operat@ oondltIonsby the followingequatIons:

For turbulentflow,

(24)

L J
f E12\+ ‘~

The faotor{~j + 6 In equatlau(24)oem be
1- .

for valuesof e at wlch
(24)reducesto

interooolersoperate. Thus equation

s w_—=
* so ~-

Also,

(25)

(26)
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For lamlnarflow,

(27)

.(29)

(30)

(31)

(32)
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(35)

(36)

Correotlme for SeparatorStrips

h tableII faotorsare tabulatedthat,w&n titiplied by
the tight and tha &inenslonalcharacteristlosof a plate-type
Interooolerae oalwiate5 frm eqmthm (lZ)to (36),give the
Interooolerweigh~and tle dtmx:oml chamcteristicscorrmted
for the effeet cf plate-mparmur stui~~. These correctionfaotors
are givenin term of r, J, K, L, ~t, and *L, where rj J>
K, and L are definedundersymbolsand w+ and ~ ~ are defined
88 followe:

w J4

frm mlty, a oloseapprox-thn for * t is

Also,

7
5

(37)

cliffer apprmiably

@Veilby

(38)

(39)
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differa~reolably fromunity,8

givenby

(40)

InterooolerCharts

?!kmatlons(25) to (30) for turbulentflow - plottedin
flgm-2 and equations(31)to (36), for laminar flow,are plotted
In fIgure3. The reference-platespaoingsohoaenfor theseplots
are Sa = %0 = 0.25 inchfor the caseof turbulentflowand

o
S= f=sa ‘ = 0.10 tich for the caseof lmlinarflow. Theseplots

o
WE& calculatedfor 8~sl = 1.00and 0.50 and for t = 0, 0.01,
end 0.02 inch. !!’heourvesin t>se figuresgive direotly,for my
givenset of operatingconditions,thq changein Interooolerdimen-
sionalcharacteristicsand In tiightwhen the platespacingsare
_ed from 0.25 Inchfor turbulentflowand 0.10 inchfor laminar
flow. The effeotof variatfonh platethiclmessmay alsobe obtained
frcnnthesefIgures.

Figure 4(a), plottedfrcnuequations(1)d (12)for Si = 0.25

inch,and figure4(b),plottedfrom equations(1)and (18)f~r
s~ f = 0.10 inch,givethe relationbetweenreference-interoooler

pl~teareaand operatingconditions.Figure5(a),plottedfrom
equation(14)for sl = 0.25 inch,and figure5(b)jplottedfrcm

equatidn(20)for slo1 = 0.10 Inch,presentfor a referenoei.nter-

ooolerthe relationb%een charge-airlength-spaoingratioand
platearea for variousvaluesof charge-airpressuredrop. ~au
the valuesof plateareaamd charge-airlength-spacingratioobtained
fram figures4 and 5 the otherdimenslcmaloharacterlstics- the
weightof a referenoeintercoolercanbe readilyoelculatedby the
use of the equationsFevtously given. A sanpleocmputationin wblch
a plate-typeIntercooleris designedfrm the informationpresented
h this reportis givenin append= B. F@ure 6 gives,for a given
set of operatingconditions,the variationin plate-typeintemooler
dimensions- weightwithplatespacing.

.,
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AmmmlJs Am MrrHom

An Intercoolerunithaving closelyspacedplateswas tested
for ‘2 purposeof provldlngscmeexperlmsmtaldata with whichto
checkthe :ws-altsof the emalysis. Figure7 is a photographof
tlm test assaiblyused in thiswrk, Tke test aqulpuentconsisted
easentIalJyof a centrifugalblowerdrlve~by a l’o.tiV-8 engins,
an intercoolertest unit,an electricair heater,thexmocoupl.es,
manometers,air-flowmeasuringorifice~,a potmtlcmeter,and a
multiple-swlt~hbox. C!heChargsatr and the cooll~ air were
drawnthroughthe Iatercoolerby the blower,the relativequantl- “
ties of the two air flovsbeingcontrolledb~ valvesas shownin
the figure.

The charge air was heatedelectricallyby unitsencasedin
a thermallyhaul-ated drtm sltuatedabovethe titercoolertest
unit. Bntranceand exit temperaturesweremeasuredwith tion-
constaatsathermocouples.At eachentranceand exit four thermo-
coupleswere distributeddLagondlY ac.xxmthe reotan@ar flow
sectionto obtainave~e tempemtureaof the t-m cir stream.
Ln each exit channel,an extraset of four thermocoupleswas ex-
tendedacrossthe channelin a row pazallelto and downstream
frm a slotbetweentwo imd’fleplates,as shownIn fIgure 8.
These extra setswere installedto detemlne tileadvisability
of mlxlngthe exitair beforemeawmlng 1% temperature.It l#8S
found,however,that a betterheat balancebetweenthe warmed
and cooledair was obtainedwit~ exittemperaturesmeasuredup-
streernfraa the baffles. Those upstreamtemperat’~-evaluesWU’O
consequentlyusedto dotezzd.nothe pw%omence of the intercoolm
unit. The use of suchbaffle6In titercoolertest work Is not
ccnikmnedbecauseof theseobservations,hut it Is believedrather
t%t this subjectshouldbe investigatedfurther. As shownh
ftgureS, baffleswere placedu2stresafrom the charge-entrance
sot of thmnocouplesto insurea umifonntemperaturedistribution
of the chr~ eir beforeit entw?edthe titercoolor. Testsmade
both titJi and withoutthese‘bafflesshowedno notl~eablechs,ngeIn
t.% performmco of the test unit In eithm pressuredrop or cool-
*. I% is not c~nclu~ed,however,that the baffleswotidh8Vc3
no effetifor all flow conditions.

The fourthmmmcouploaof oaohset wore conuectodin sorlee
and the cold Junctionswere placedin themultlple-stitoh box,
whichalso scmvodas a cold-~unclIon box. The temperatureindi-
cationsthus obtaticidwore fourtlinesthe avomge.
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Alr-wel@t-flowmeasuranentsweremade by means of flange-
Ix@ orificeplatesIn accordancewith the prooedureoutlinedby
the Amerl.oanSooietyof MeohanloalEngineers(referenoe5).

A statiopressuretap vu situatedon eaoh sideof the reo-
entranoeor exit seottcmwherethere couldbe no inter-

ferenceby the?mooouplesor theirsupports(fig.8). The four
taps of eaohflow seotionwere conneotedto a commontube that
led to a mnmeter. AU tapswere situatedabout1 Inohfrcmthe
intercoolertest tit.

The Interooolertest unit consistedof 35 bmss heat-tmnsfer
plates- eaoh4.30 iIIOhOSlong> 2.30 ihdhW3wide, end 0.008Inoh
thick- and two and platesof the samelengthand widthbut of
0.038Inohthickness. (Seefi~s.9 and 10.) Theseplateswere
separatedby suitablyerrangedseparatorsthat providedalternate
passagesfor the crossflow of the ohargeair and the coollngair.
In the teststhe ohargeair flowedelongthe lengthof the plates
d the cool- air flowedalongthe widthof the plates. The
titercoolerend separatorswere 0.25 Inchwide - 0.024inch
thickand the Intennedlateseparatorswere of the samethickness
and of 0.125Inchwidth. The Intennedlateseparatorswere ar-
~d as follows: me row throughthe centerof the oharge-alr
PaSEW@S ~ the mws equallyspacedthroughthe cmling-alr
passages,as shownin figures9 and 10. Eaoh platewas ourved
to a radiusof cumature of 3.5 inchesaboutan axis parallel
to the platelength. The titermedlateseparatorsand the curva—
turewere usedto reducethe bendingof the plates~er the
pressurethatwouldbe encounteredin aotualintercooleropera-
tion.

Beforeassembly,all separatorsand pht e-oontaatsurfaoos
were tinnedtith soft solder. The platesand tho sepamtors
were then assambledin a & togetherwith alumlnwnstrips0.022
tiohthlok. These stripswereplacedIn the air spreesbetween
the separatorsIn orderthatpressureoouldbe appliedequalJ.y
on all oontaotsurfaoes. This assably, underpressureIn the
~lg,was sub~eotedto a temperatureof about460°F h an oven
for about20 minutes. The unitwas then allowedto cool In the
ovenfor aboutone hour beforeremoval. After the unithad
moled, the alumlmzustrfpswere ulthdrawnfrcuuthe air pas:
sages. The averagethiclmessof the air spaceswas then
detemnhed as 0.0248tichfor tho Oharge-airpassagesand
0.0243Inohfor the ooollng-alrpassages.

IIIlmn 1I1M IIII mml mmMm -mI~~ -m l-m m-—.—— . -—
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Previously, testshad been made with a slmllaxtiteroooler
uulthaving0.006inohplatesto determinethe erpountof pressure
required to bend the platesappreolably.Pressure was appli~ to

one set of air pas-s h the orderof magnitudeof the plate
deflectionwas esthated in the other“setof air passagesby means
of a feelerstrip0.020Inohthick. Undera gagepressureof 30
Inohesof mercuryno notloeablereslstanoeto the moticmof the
feelerIn the passageswas observed. When the -e press~’ew
tioreasedto 40 tithesof meroury,an appreciableresistanceto
the feeler-stripmotIon was detected. It was”thereforedsctdsd
to increasethe platetblc’bessof the intercoolerunitto be
testedto 0.008Inch. No reccmuendatlonsoan be made h this
paperwith regardto the p~operdfstanoebetweenplateseparators,
the platethlclmess,and the plate cwmture neoessaryfor ade-
quateplatestrength. This InformatIon shouldbe obtainedfrcm
endurancetests.

The titercoolerunitwas placedLa a cross-flowduet as
shownIn figures7 and 0. T& entlm duct ad t]le~oo@-e
assamblywas thermallyInsulatedfrc$nthe surroundingatmosphere.
This insulationIs not &own h the figures.

The Intercoolertest condltlanecoveredare givenIn table”
III. For eachtest conditionthe &-ge-air and the oooling-air
weightflowsd the oharge-alrati cooZlng-airtemperaturesand
pressuresat the inte~coolerentranceand exit seotionswere
measured.

charts

F@ures2and3

D~COSSION A1’tOKESDZTS

of ht ercoolerCharacterlstIcs

showhow the platearea.the weight.the
volume,-thefrontalarea,and the itieardin&sions o= a“pl.ate-
type Intercoolervary with plate spadngs and platethickness
when the intercooleroperatingconditionsremainconstant.Al-
thoughthe effeotof platesepamtors is not acoountedfor In
figures2 and 3, the trendsMoated shouldbe substantially
correctbeoauee,for a given separatorwidthand arrmgemnt,
the effeotof plateseparatorsdoesnot appreclablyvary with
ohangein platespmxlngsor platethlclnmss. It is seenfrcun
figures2 and 3 that,for both turbulentand lsmlnarflow, a
reduotlonIn plate epac~ resultsh a decreaseIn both lnter-
coolervolumeand wolghtwhen the Intercooleroperat@ oondltions
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. .

Y?em31noonstrmt . ThisdeoreaseIn Interooolervolme d weight
18 attained,however,at the erpengeof a large Inoreme-inlnter-
ooder widthand.a dd.ghtInorease.tilnt~~aer. frontalarea.

It oan be shownby means of equaticms(2!6),(27),($2),and
(33)thht the mlnimutnwidthper nit intermolervolumeIs ob-
tainedwhen SJSX m 1.00. This faot Is IllustratedIn flgurea

2 and 5 where it 18 seenthat,for a givenvolume,the ease in
Whioh Bale== 1.00providesa smallerI.nteromlerwidththan does
the oaae b -Oh ~/t3z= 0.50. The dlfferenoeb widthper unit
Interomlervolme is emald.,however,- llttlesaorlfloeIn
tidthwillbe made by uae of s~el = 0.50 if this =tlo glvea

an Interoooler,proportlaneof uhiohbetterfit the epme require-
ments. For equalvolumesthe easefor ~/sx = 0.50 providesa

tiler ~, Sa, cud Z= and alarger 8Z and 21 than does

the oaae for a~al = 1.00. For exlmple,for v/vm E 0050 and
t = 0.01 Inoh,~l&e 2(a),whiohapplleafor t~ &se of ‘---
bulentflowgives

Valuesfor

al) Inch 0.13 0.18

‘s ‘a .I.3 ,09

Wjwo 2.35 2.60

%/l... .47 .65

‘~/zao .47 .31

%&. 1.08 .79

qso .88 .87

Ir/Wo ● 88 .87

IJbu--

. ,. -., , , . , ,, ..,,,, ... .— —. — .-— — —
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F@ares 2 and
inm equaltoO.25

3, althoughplotted for Z’eferenoe-*tespao-
emd 0.10 Inoh.remeotively.d for zero

reietioe-platethlolmess,oan &o b& used fo~ othervaluesof
fiferenoe-platespadngs @ platethiolmess. For exaqle, let
It be requiredto find the ohangeIn Interooolervolme oaused
by the ohangeIn plate spaolngs al and Sa frcm 0.15 tnohto
0.05 lnoh If the intercooleroperatingconditIonsrmati oonstant.
The titerooolerplatesare 0.01 inchthiokand the air flowsare
asmned to be turbuleti. Frau figure2(a),

v
0.06 “

= 0.17
‘o

v
u = 0.57

‘o

v0.0s m 0.17
m

= 0.30
~o.X6

The volum is then reduoedto 30 permnt of its Initialvalue.

It is seen In figure4 that,for laminarflow,the referenoe-
intercoolerplatearea 1s a fuuotionof q, k$, and M= and
that,for turbulentflow,it 1s, in addltlon,a functionof
D
1 Apf and ua Of ● Equations(13),(25),and (26)for

tm%le~ flaw tiavequations(19)and (32)for Uuldnarflowshow
that,for glmn plate spacingsd platethldcness,the ln&mr-
moler volumeis proportionalto the platearea. Figure4, to-
getherwith fIgures2 and 3, oan thenbe used to oaupareturbulent
and lmlmr flow on the basisof intercoolervolume. For ample,
a oqison at S~=Sa=O.10tiOhelld t= O.OltiOhiS-m
fOllowe:

Fran figure2(a) for al = 0.10 inchand t= 0.91 Inoh,
v~vo = 0.36 for turbulentflow. The ordinatesin figure4(a)
are nmltIpliedby this ratio. Frcunfigure3(a) for S1 = 0.10
Inohmd t = O.01 Inoh v/v. = 1.10 for lamlnarflow. The
ordinatesin figure4(b~ are multipliedby this ratio.
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The resultsof thisprucedum m now directlyccmpmmble on
the lxurisof lnterooolervolume. TkGe l’es’dtsshowthat,for
-therangqof gpratlq, o~ltions coveredh figure4, the inter-
ooolervolumefor”the esae opei%ting oondltlom is much smiler
for turbulentflowthan for 19mf~ flowwhen al = 0.10 inch
and s~sl = 1.00 or 0.50. ZSbleIV showsa ooqarison of the
intercoolervclmes for turlmlentW for lamlnarflowat
13z. 0.05 Inch and sa/sl. 1.00 and 0.50ad for a Apfa = 6

a~v
Inchesof waterand e = 0.25. For theseoondltionel:-Is noted
that the Interooolervolwnefor lamlnarflowmy be greateror
less than that for turbulan%flow,dependingon the opemtlng
conditions.The Interooolervolms for laminarflowtendsto
approachthat for turbulentflowas s is reduced. For any
givenset of’operatllngooddtions a tiuO of al may be rmched
at whichthe two volmuesare the =me and belowwhichthe ml-me
for lsminarflow Is lessthan tLe voluuefor turbuletiflow.

.
Figure5 givesthe relationbetweenplatearea d oharge-

afi length-epaclngrat10 for a refereme Litercoolcr whose
rsference-plateEpaclngsere 0.25 dnchfor turbulentflowand
0.10 Inchfor leminarflow.

As a furtherillustmtionof the effootof type of flow
and of platespaoingon the physicalpropert~esof an inter-
coolerwhen the oparating creditkm= are held conatzmt,the
weightand dlmermicml oharacterlstlc~ of a plate-tw~einter-
coolerare plottedin f@ure 5 gimt plate spacingafor
t3JSl= 1.00 end 0.50 for the cam of turbulentand 1~
flow. ‘I!tcJplatethioknassin takenas 0.Cl inch,and the operat-
iEg Conaltio?lsare

T,peroent . . . . . . . . . . . . . . . . . . . . . . . ...65

MJIG . . . . . . . . . . . . . . . . . . . . . . . . . ...2

alavApf, in~kesof water. . . . . . . . . . . . . . . . ..3
1

daApf,ti*aOfmter. . . . . . . . . . . . . . . . ..6
av a

—.. . .
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The wedght cmd the dkicm.1 chamcterlatloswore calculated
fimt for a reforenoalniorcocler, whichhag the rcforonce-pL-tito
spacing% s, (forturbulentflow)and Slo’ (forhrdnar flow)

o
equalto 0.25 InchCnd 0.10 inch rcspectivoly.(Seefigs.1, 4,
and 5and equntiom (13),(1!5),~16),(17),(19),(21),(22),cad
(23).) F@xca 2 and 3 were umd to dete-o tho variationof the
phy~lcalprcpe#.iofiof the intorcoolorwlthEpaclngfor aplato
thicl!nlemof 0.01 tick. NG ccrrecticncfor oepamtors were applIcd.
The Royncldonmuberof flowcd the rr.tloof the totalpromwc drop
to the frictionpromura dmp for an imtwcool.r with bluntontrcco
CM exit eecticr!!me alGoplottedin fi&ln”e6. In tho mlculctionc
for the totalpresmrc dropthe hczthg prcsame 10ss,or ~.ti,which
i~ a functionof tke air taape~raturesin the intorcodhm,ma not in-
cluded.

TebleI givesraprmen+=tlvevalum of the entrance-exitlom,
the velocity-proffl.e10s3,@ the hmtfng prOfiS~ 10Q3 a r~ti
for an intercoolerwith bluntmtrcnce ‘=ndoxlt ~ectlcns. The
voloctty-prcfilopreecureloEIsio givanin terns of the friction
pressuredrop. Tlw ontmncG-exitpmmure lom and the heating
prmmre lom or gc.incro givenm functionsof the velocity-
prcflle10SDbmaum of tko roducticnin tho numberof mr-iablm
lnvol~od. The koatlnGpremuro cl’zn@(duoto the numontuuchange
of tho air flew)iQ a prcsmm drop ;&on tho air is beinghoatcd
and a presmre gain when the air la lm~ ccoled. When the intor-
cooloyontrancccnd i3xltoecthne c.rostrmnlined,tkc ontmnce-
exltpress’fineloss IQ el-twd and the vdocity-prcfiloprcGmre
10QGand hoat~ prmsmc 10SS or gain me reducsd.

Duringactml Intorcoclmopomtlcn, tho pram-no difforonco
betwecmtks chargeair and the coollngair acrcm eachylato camos
th.~platesto dofloct. “m ordorto reduce ~lato doflecticne,
Intoraediatomparatom am uccd. The nmbor of fioparhor~rcquirod
for a givenpmzziscihledofloctlonwiJl dependon tho maxtim proo-
mzredifforencoacross each plate and on th plQtoaatorlaland
thiclmoss. Proporallowanceszhouldbe tie for separatorsIn
tko dcttornination of tho intorcoolordlncneiom ii,nduoi@t.
‘Ihosoallcwmcos aro g:vonIn tsbloII in tho for~ of corrGc-
ticneto be ap~liodto the mi@t and to th~ d*lcnal char-
Cctoridics of ,2plata-typointGrcoolorthat 10 msuncd to havo
no ~latoc~tntor f3tri?G. -h OZ”ZQ1OOf the c~lication of
thmo correctlonaiQ &lvonh zFPmdlx B.
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An tncrease in the resietauce of the platesto bendingcan
be achievedby the utilizationof curvedplates. A reductionin

,-:---‘%hw-nuqberof separatorsoan thusbe obtained. Curvingthe plates
inoreaseathe heat trmmfer and tho pressuredrop Of the a& flow-
- alongthe plate curvatme. References3 W 6 showthese in-
creasesto be mall for the _ of plate spao~s and till of
ourvat~ used in phte-type interooolers.

Resultsof Tests o? the 2.3-by 4.3-TnchUnit

The performanoedata of the 2.3.by ‘4.3-inchtest unitpre-
viouslydescribedare shownin figure11. TLe quantity ax Apz

is plotted ~~t a= Apa for varioy@ ValIMS of q. Fla& H

also includesa plot o~vMl/% against al Apl and of M~w

against u Apa. The dimensions.inthe d!%ctlon of air flow
aav

and the Intercoolerweightper unitwidthera also givem ‘The
data givenin this fIgureapplyto any widthof Intercooler,
providedthat all ottimrdimensionsremainconstant.

The perfonnanoechart(fi.gure11) may be used to detemine
the perfomanoe of the intercoolerin the followl~ mnndr. For
a givenvalueeach of a. Ap- and v a valueof a. Ap- w

‘av A
be readat the bottcxaof tl.eclart. For

the correspondingvalueof M~w my be
.chartby the use of the long-dashcurva....
short-dashcurvemay bo usedtc find the

apondlngto the givenvalueof al API.
av

*ELV a
this valueof u= Apa

av
road at the rightof the
In a sti~ manmr the
v~~e of y~w corre-

In any epeclfioapplicationthe apprcxinatevalueof u
lavApl

is lmownfrom tho atmosphericcoalitionsand flightepmd. The
requiredvalusof oool~ offoctivonsssis dotermlncdfrcunthe
bum superchar~routlettemperatureand requiredintercooler
outlettwgwature . The othm quantitiesare read frm the fi@re
in the mannerdescribed.The quantity Ma is lmownflwnuthe en-
ginehorsepowerh thereforethe intercoolorwidth w, wei@t
w, and cooling-airweightflow ML, can be readilycauputod.

—
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The geneml Charaoteristtosof the 2.3- by 4.S-lnohinter-
Oodeim twted are oanpwwI with thoseof two Alremaroh end three
Ham=lscmInterooolereh f@ure 12 for a value of W?nvAPl

equalto 4 Inohesof water. The basisfor thismethod-ofocmperl-
son is dlsoussedh reference1. It may be seen that ooolingIs
accomplishedby the intercoolerof thesetestsand by the ccmaer-
cial.typesh the same~neral rangeof charge-airPreasme drops
aridreqtiredcooltngair. In volume,the Intercoalm testedis
much lower,and in weightthe frontalarea,generallyhigherthan
the cmmerclal types. The outstemdlngadvant~e of the titercooler
testedIs its smallvolume, Its disadvantageIn wel@t canbo
materiallyreducedIf narromr separatorstripsare used. The
separatorstripsIn this test spechon were unnecemarS1.ywide
and had a weightequal.to 71 percentof the we@ht of the hea,t-
transferplates. If the platesand separatorshad been bound
by weldingInsteadof by solderlng,furtEerreduotia In weight
wouldhavo resulted.

Ih figure12 it Is mea tlmtthe width w of t.% intercooler
testedIs much greaterthan that of the commercialtypo~but the
dhenslons In ths directionof alr flow are considerablyloss.
Thu resultlnggonoralshapeand the smallervolumeof this intm-
coolermake For convenientfxd.allatlonsIn wings or cowlings.
The largetidthoffersno wecial difficultyes the intercooler
may be Lmtalled as a n~boi-of parallelso@onts.

The intercoolcrtostodis merelyillustrativeam othor
proportionsmay allowmoro convenienttitallatlone.

Figure13 givesthe oxperimmtslvaluesof the cool~
effectivonossof the Intercoolerunitplottedas a function
of the Reynoldsnumbersof tho chorgo-airand coolin&alr flows.
Frcm thisplot can be determinedthe relationshipgovorninGtho
tmrwfor of heat for tho test-flow conditionsencountmwd in
this tivestlgatlon.It has boenpreviouslymontionodthat tho
Cooli

7
eff6wWivencssof a cross-flowintorcooloris a function

of Ml M= and UA~M3cp. (SoG fig. 1.) Tho ckargo-cLlrand

cooling-air wel@ flows, & and Ml, Canbu ovaluatodin
ternsof theirrespectiveRaynoldsnumbersfrcm the lmownair
tcnrpmaturesh tho Intercoolcrand tiieknown Intercoolordl-
monsiom. F&cm tho orpurlmontallydotormlnodvcluesof q,
M - Ma givenIndlroctl.yIn figure13 and tho curvesin
f&re 1, th~ t~~ (URr)- be o-~t~d for =ch to~t conditi~.



____— —

hx~ h~
If the Nueseltnunibers~ d ~ Ofthetwo flowsare..

assumedto be saneunlmownfunctionof Reynoldsnumber,they oan
be detemdned onlyfor equal-Re~lde xymberaof the oharge-alr
awl oool~air flows. Underthie oonditlon “ “

or

ha= II. (%kJdakz)

If this em?ressionfor ha is substitutedh eauaticm(41)of
appendixA; the Nust3eltnunberis givenby - -

The ITusaeltnumberswere thusdetemlned for the fourpointsof
equalReynoldsnuuiberof charm and ccollngafr shown ti fi~
13 and were plottedagainstthe ileynoldsnumber,as shownh
f@ure 14, by the solidcurve. The horizmtal dashedcurvein
figure14 representsthe heat-transferrelationshipfor lamlnar
flow givenIn reference4 and the dashedcurvewith the slopeof
0.8 representsthe relationshipfor turbulentflow givenin refefi
ence3, page 172. T.% experimentalcurveappearsto jointhe
curvefor lsxdnarflowand to approaohthe ourvefor turbulent
flowvery eatisfaotorilyin both slopeand absolutevalus.

m~ of figures1 and 14 the cooling effectivenessof
the Interoool.ernit was ocmputedfor eaohtest c-t Ion. The
resultsare shownby the dashedcurvesof f@ure 13. The agree-
ment with experimental values at all Reynoldsnumbersis qul.te
satisfactory. .

h figure15 the oharge-airand the oooling=alrpressure
drops acrossthe titercoolertest unitare plottedagalnet
Reynoldsmmbor. The solidcurveJoinsexpcmlmetialpolnte
obtainedfmxu ooldrune on the Interooolerunit and ohecked
by data fromheat~ rune. The longdashedcurvesand the

—,.-— . . . . . , , ,-, .---1 —-1 . .. .. . . .—
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shortdashed mrves were ocmputedfor lemlnar and turbulentflow,
respectively,and includethe eurface-f’rlctlon,the ezrtrance-
exlt,and the veloclty-profile10SS. Figure15 ehowe”that,for
titercooleroperationin the transitlcmregloa- for example,
for Re~lds nmibersbetwema2000and 3000,the ccunputedpresmre-
&op valuesfor lmulnarfloware not verymuch differwntfrauthe
valuesfor tumbulentflow. For this reason,the regionof tranei-
tIon is not clearlydef~d In the experimentalcurve. As a
-e, thereIs fairagreaent betweenthe experimentaland the
computedpressure-dropvalues.

CONCLUSI~

1. For a givenset of operatingcotillions,which Include
coolingeffectiveness,air-weightflows,and air-frictionpres-
suredrops,a reductionk plate-typetitercoolervolumecan be
made at the expenseof ticreasedintercoolerwidthby decreas~
the InterCoolerplate spaclnge@ platedlmeneions.

For a plate epaclngof 0.10 Inchor greaterand for a
glven2;etof operatingconditionsIn the range of practical
interest,the intercoolervolumeis greaterif the alr flowsIn
the titercoolerpassagesare lamfcarthanlfthealr flowsam
turbulent.As the plate spacingis reduced,the volmc required
for laminarflowapproachesand eventuallybeocmmsloss than
thatrequiredfor turbulentflow,the spacingat whichthe volumes
are equalbe- a functionof tho operatingconditions.

3. The dimensionsof a plate-typeIntercoclerthat satis-
fiesa deflnitcset of oporatingconditionscan be detomined
with fairaccuracyfor any plate spacing.

Lan@oy MemorialAercmmtloal Laboratory,
HationalAdvisow CannitteeforAeronautIcs,

Lmgloy Field,Pa.
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MD ‘THE0PEPA3?lliGC~llT’IONS

themal reels’kmoeof the Interooolermetal is neg-
over-aU heat-tzunaferocmfficientis givenby

1
—=

weight flow is givenbyage-l%lr

M= = paVa1i2~EaJa

the effectiveheat-traneferarea on

From eq=tlona (42) ad (43)

2= oPava % ~—.
—=2U4aa‘a

Smmarly,

11 (M)Plvl fQL—=—
% 2,1

the charm-air

Ths tnterooolervolme ~ be expressedes

v. 3.#s1+sa+2t)
a

the I&erooolerwidthaa

(41)

(42)

aideby

(43)

(M)

(45)

(46)

w=*a (47)



the Interceder

.— -. -.—. —

frontalarea 86

and the fntarcooler

For turbulentflow

(48)

From equations(44),(50), and (51)

O.01721s2,f10.4@o\7

0.0172kl
hl =

e
vl~

By defiritim

Then, from equations(52),(53),ad (54)

(50)

(Sl)

(54)



29

hr any praotiod rangeof intermoleroperatingtemperatures

-.-
the term (+)(ff “Ineqpation(55) differsfrom unityby a

negligibleamount. ThIaiterm wild thereforebe replacedby mlty.

The substitutionof equation(55)In equation(41)gives

(56)

1- -1

The substlttilonof equation

-1
(51)In equation(M) gives

~~ ~aav,Pf$

21
The ratio — oanbe sdmllarlyfoundand expressedae

‘1

(58)

(59)
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As in the ~iOUS CfWS, in the practical I13nge of temxpera-

+3

(J)tures,the tezm p Vz can be replacedby unity.

For leuuinarflow

ha = 3,8r
F

(60)

The fricticmfactorfor flowbetweenparallelflat platesof

29#inf’mitewidth Is —
2pvs

where s Is the perpendiculardistance

betweenthe two plates. This frictionfactorcan be usedwith
goodaccuracyfor flowthroughrectangularchannels. (Seerefer-
ence3.)

Thus,

The suibstItution of
gives

equations(54)

1 31 pa ,
q = 3.8kaAara\.~

s-
(61)

and (60) in equation(41)

‘##a”
rKk111 )

(62)

The solutionfor Aa/Ma is, then,

The substittiicmof equation(44)in

{ 24Pa \
Ua APf = (—

av a \lo. @p.)

equation(61)resultsin

(64)
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The ratio z#1 canbe 6i3Bl&Ayfmuxland expressed. .

EQuathns (57). (58). md [59) for turbulentflow

(65)

as

(66)

and emu+
time (63), (65), &d -(66) for &&wir flow, togetherwith e~ua-
tlons (45]to (49)and figure1 givethe weightand dimensional
cknrecteristlcsof e pi%%-t~e titercoolerIn tmms of the plate
speclngs,platathickness,emd Interccolercperati.~conditions.
The effectof plete bpamr~ on Kim Intercooler wel~htand on the
dimensionalchazzcter?.at?.cs1s exo-untedfor in theseequetlons
by the substitutionof tie prope:’valuesof r, J, K, and L.

In theAnalysistke fme~?ng relationsare @ven for a
referenceintercooler(equations(12)to (17)for turbulentflow
and equations(18)to (23)for lauinarflov),whichis defined
af3a plate-typeintercoolerhav~ the followingcharacteristics:

1. Charge-airand cooling-airplate speclngs(Sland S=)
equal to a referenceepacimg

2. Zeroplatethickness(t = o)

3. Ho plate separators (r. J.K=L

The veriatIon of the intercoolerweight
sional c’haracterlstics as the @ate spacings

= 1)

end of the dimen-
and platethick-

ness vary from the reference&se Is hen &lvenfor constant
operatingconditions(equations(25)to (30)for turbulerrtflow
and equetione(31)to (36)for leminm?fluw), The Correction
factorsdue to the effectof platesepamtors ere givenin
tableII.
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NWENDECB

.

Let it be aqposed tit a plate-typeIntercooleris to be
designedfor the follow@ set of Operatbg conditions:

(l)?, permnt . . . . . . ..o. .o . . . 70

(2) Ma, lb/see. . . . . . . . . . . . ...4.4

(3) M#&.. . . . . . . . . . . . . . . .2

(4) alavAPf, in. water . . . . . . . ..”.3
1

(5)a-A~, ti. water ..,.... . ..6
‘laT?4-

The Intercooler
nmtely50 hohes.

width is asma.nedto be llmltedto approxi-

DeaignProcedure

. The ohame-alr and the coolftzw-alrflowsare assumedto be
fj,-~b.~en~. fiis assmzptionoanbe-oheckedafterthe designis
cmpleted.

(6) I&a items(3), (4),and (5)

(7) Frcaufigure 4(a) and Ita (l), (3), (5),and (6)

~
Ma

= 28,800sq in.,llb/sea
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(8) FrQU equation(13)~ item (7)

.,
>
%

u 7200 m in./lb/aea

(9) Frau fQure5anditams (5) and (7)

1
‘O = 477
aao

(10) l%xnequation@5)apd items(3), (6),W(9)

z
10 = 238

~
o

(Ii) From equation(16)and item (7), (9), W (m)

‘0 E 1.015in./lb/aec
Fa

(12) If W= 50 hi., from Items (2) and (11),

w 50—=
1.015 x 4.4

= 11.2
‘o

Let sa/sl=1 euldt. o,olln.

(13) Then, frcuufigure 2(a) and item (12)

B =s = 0.04 in.1 a

As a result,

(14) v =0.14
~

zal~a . 21/s1 s =0,70
(15) —= —= .

2= /~ 21 /% so
00 00



34

The intercoal.erUmenslons

(16) mm I%clo (2), (7),

may thsn be givenas follows:

and (15)

s = 88,700Sq in.

(17) Krom Ztlms (9), (13), am (Is)

2= = 13,35 In.

(13) Frcm items (iC), (H), and (15]

21 = 5.6s in.

(19) Fron item (2), (8), and (1A)

v = 4455 Cm in.

(20) 1?= 50 in,

The ckrge-air and cocllug-airReynoidsmciberscPanow be
ccalctitedan-lem fovndto be al]rrox-toly22(Y2ari!2500,
respectively. The flw.,u“= tien in tLe transitionre~on end
are probablytur-indent,aa previozsl;mmvmd, becauseof the
tur?mlenceexiotL% h tke entranced.uctlngand inducedat the
sharp-ed=%dentramxm of tke intercoolm.

Correfiionsfor FlateCe~torf3

It :s furtheramu!=edthat aeparatoraaxe plamd approxi-
mately1 tichapartin the charge-airand In the cooling-sir
pasen~eaand that the Intermediateand end sqamtom l?avoa
%fldthof O.CJ4tichand U.CJ6incfi,2%6p9CtiY91Y.Theretill
thente 14 separatorsfor each cocling-airpass%- cnd 7 separa-
tors for each charge-sirpassaf@.

~ae tenm r, J, K, and L am definedin the Symbols
es functionsof the ti.tercoclord~nsicno and of th plate-
m~=tar ?dmmstona and arrangement.

rl = ra = ?.04

— . .



—. --— .- —.. —

35

J= = 6“66 - ‘5x ‘;~~ 0 ‘2x 0“08) = 0.946
.

. .
I’ora fti effeotlvemessof 100 Wroent,

~ = 12.71+ (13X 0.04)-0.991
1 J.3.35

= = 6.30+ (6X 0.04)= 0.982
a 6.66

Then,

Ll = 0.960

L= = 0.964

The substitutionof
Ba/al=l and e=

The COYYWOtiOIl
of r, J, K, L,

2=

21

v

w

r> K, and L in equation(37) gives, for
1 (item5),

w~ = 1.009

faotorsara givenin tableII
and *t. ?he correotionemay

as fmotions
then be given

● ✎✎✌✎☛✎ ✎ ✎ ✎✎✎☛✎ ✎ ✎ 1.01

.. ****. .. 0.... . . 0.96

. ..*.** ● .*..** . . 0.96

.* .*-.9 ● .a . . . . . . 1.01

● O*-..* ● **.,.. ● . 1.10

These correothm may be appliedto the _nslont3 of the lnter-
ooolerwith no plate rmpmators (Items(16) to (20)).

mm,

(21) S = 89,600 sq. in.
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(22) & = 12.8 In.

(23) 22 = 6.4 In.

,.

(24) V =

(25) w =

~f’ ~ /0=
valuesof z~

4479 ml ill.

55 la.

hsd been ohosen as 0.50 Insteadof 1.00,the
ati Z= wouldbe approximatelyequal.

TotalhSSUJ?S -S

Table I givesthe velocityprofile,
b the entrance-exitlossesh termsof

(26) Flrcauitem (22)fu Sa = 0.04

z~
— = 320
0~

(27) F.- Itsn (23)for SX = @.04

11
— = 160
81

the nulaexltumheating,
1/s, f, ~, and R.

In.

in.

fz =

(28) For ~ = S2 = 0.04 h. - t.=.O.01 ti.

fa = 0.4 apprcxtitely.

The tenu B is a funotionof the entranoeand exittempera—
turnsof the alr flowingtkrcmghthe Interoooler.Let it be as-
sumedthat the entzvmcetemperaturesare 250° and 50° F for the
ohar~ and the coolingair, respectively.

Then,

(29) From it= (1)the ohwge-alr exit temperatureis

250 - 0.70(250- 50) = 110”3
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(30) Frcm itam (3)and (29)the oool~alr exit tcmpmzb=
ture 1s

therefore,
. . :.

(31) pa --0.20 “ “ ~. .

(32) f3X= 0.14

Frau tableI for”the olumge-dr - ooollng-alrReynolds
numbem of about2200and 2500, re13peotive4,

Therefore,

(38) Fran Itmm (5), (33),(35),and (37)

a APa = 6.3 in. water
aav

(39) Frau Itama (4),(34),(36),- (37)

U1 APZ = 3.9 in. water
av
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T.IELEI

[The ratioof r = ~ Is assumedequalto unit~.

This ammrption titrcxiucesverynegligibleerror.]

TmLocw-mmm Lms,. AP.#@~

R me 100 - 1~() ‘;0~
or
flow

2,00C Trrbtient I
i

0.042 0.028 0.021 0.017 0.014
5,Ooc ~ .051 ,034 .02C .020 .017
la,000 I .028 .039 .029 .023 .020

50
!

Laminar ,057 .030 ,020 ,023 .019
1,00 i .114! .07C ,057 .046 ,038
2,00~ I .228i .152 .114 , ●091 ,076

Pressurechangecaumd %y mmenlnm ohemgeresult- frm heat-
ing or coolhg, A~~A~ (1)

~~-.

>

of 0.05 O.lc 0.29
flow

T’ur?mlent~ 1.11 2.22 I 4.44
Lamlnar .lC

i
.37 .73

Ent.raace-exitlom, bP=/APv

m
of 0.2 0.4 0.6
flow

ITurbulent . U*8 7.0 4.7
1.8 1.0 .33

lThe eXpmS8iOn Am is a pressuredropwhen B is positive”

and a prmsure @n when @ is negative.



.—— ——. ——. ... — —

40

TAB’SII

CORRIX?TIQNFAOTORSDUE TO EFFECTSOF PIJWE SEPARATCI%3
ClllMlIZG3TJWD DIMl13131QNALCH4RACTER~IC3

@ A PLATE-TYPEINTERCOOLER

/-
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. “73;
Test Rqte of oh8rge- Rate of mollng-
serles ah flcm m flow * at

entranoe
(lb/sea) (M#aec) (%)

. .
Variedfrcm “

1 0.0174to o.o17s 0.0148to 0.1033 275 to 306
l.n8 stepe

V.miedfrcm
2 .0254to .0261 0.0148to 0.1026 277 to 299

in 8 etepe

v=i~a fi=
3 .0355to .034C 0.0147 “500.1037 275 to 295

in 9 steps

Variedfrom
4 .041.3to .0425 0.01?-8to 0.1056 280 to 294

In 8 etcqm

I
R



TAEtJi IV

EFl?I!m oFTEE!im?E cilTmowm ImERc- VoIJJME
FCElIKKML(IEWtl?~GCONDITIONS

r
L“aavAWa

= 6 in. nnter; $ = 0.25; a= = 0.05]

~t~o ~ vQl~ for ~1- flc)~

Ml v to vslums~ turbulentflow

~ percent

I d%=1~~ 19a/01=0.50

1 50 . 1.4A 1.15

60 1.1?3 .94

I 70 ,93

I
● 74

2 50 1.51 1.28

60 1.40 1.SL

70
I

1.20 .95

80 1.02 ,81

4 50 1.67 1.33

60 1.48 1.18

70 1.31 1.04

80 1.13 .90
I I
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Figurel.- Coolingeffeotirenessfor cross-flowinterooolers. I
(Datafrom referenoe 2.)
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Figure5.- Relationbetweenlength-epacingratioand
platearea for a reference intercooler.
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(Subscript O
refers to a
reference
interoooler
which is
defined a~
one having
equal values
of s and S2*
t = h , and
no plate
separators..

Slo
= q. =

0,25 in.)

(a) s2/s1 = 1.00 (b) s2/sl= O.W
Figure2.- Variation of plate-type intercooler wei@ and dimensional characteri8tic8

withplatespacingfor constantoperatingconditions(q,~, ~, UlaWApfl~
U2a#f2)_ Turbulentflow.
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0 .02 .04 .m .(.W ./0 .12 0 .02 .LM .(25 .08 .10 .12 .J4

Si,h.

(a) t32/EIl= 1.00 (b) s2\t31 = 0.50

(Subncr~pt O
with a,primed

s symbol ,refere
to a reference
intercooler
whioh is
definedag one
having j3qual
values of El
and Sz,:t = o,
and no plate
separators.

qo’ = fj20’=

0.10 in.)

Figure3.- Variationof plate-type intercoolerweightand dimensionalcheracteristios
Ywithplatespaoingfor constantoperatingconditions(q,Ml, M2, mlahA~l,

u2av*Pf2). Laminarflow.
~
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Figure B.- Dtigvammat Lc sketch showing posit Lens of khz~mocotiplas,
pressure kd.ps, und baff/e phtes in LntrzvCooiQr C(UG&.
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